The numerical simulation of flow field around Hayabusa capsule loaded with light-weight ablator thermal response coupled with pyrolysis gas flow inside the ablator was carried out. In addition, the radiation from high temperature gas around the capsule was coupled with flow field. Hayabusa capsule reentered the atmosphere about 12 km/sec in velocity and Mach number about 30. During such an atmospheric entry, space vehicle is exposed to very savior aerodynamic heating due to convection and radiation. In this study, Hayabusa capsule was treated as a typical model of the atmospheric entry spacecraft. The light-weight ablator had porous structure, and permeability was an important parameter to analyze flow inside ablator. In this study, permeability was a variable parameter dependent on density of ablator. It is found that the effect of permeability of light-weight ablator was important with this analysis.
Introduction
About the space mission in near future, it is expected that the sample return mission like Stardust and Hayabusa increases. In those missions, the space vehicle reenters to atmosphere at very high speed. In an atmospheric entry condition, a strong shock wave and a high enthalpy flow field are generated around the flight vehicle. For example, Hayabusa reentry capsule, which returned to Earth in 2010, had the velocity of about 12 km/sec and experienced the heating rate of about 20 MW/m 2 [1] . To protect an entry vehicle from such a severe aerodynamic heating, thermal protection system (TPS) is one of the key components in its design. Especially, an ablator has been widely used as a TPS material for a vehicle under such a high-heating condition. In addition, in such high enthalpy flow, the estimation of heat flux from flow to the vehicle is very complex and difficult. Although a carbon ablator is known as an often-used one, its heaviness had been a critical problem in considering the severe weight limitation of a space vehicle. However, a light-weight ablator named phenolic impregnated carbon ablator (PICA) was developed at NASA Ames Research Center in 1990's and used for the Stardust sample return capsule fore body heat shield. Its density is lower than 300 kg/m 3 [2] , while most of the conventional carbon ablators have the density of over 1000 kg/m 3 . In Japan, a light-weight ablator (300 -400 kg/m 3 ) for middle range heat flux is being developed in JAXA [3] . These light-weight ablators will become more and more important for expanding the capability of future missions and thus sophisticated numerical models are needed to predict their thermal response more correctly.
An ablator under severe heating environment involves several complex physics. When the ablator is heated, the inside resin pyrolyzes and the pyrolysis gas is generated. Then, the pyrolysis gas flow through the ablator, which is porous media, ejects from its surface to the outer flow field. This flow contributes to reduction of the heat flux to the ablator surface. Furthermore, the pyrolysis of the resin that is endothermic reaction contributes to cooling the ablator itself. From these characteristics, the ablator can be used as an effective passive thermal protection. However, the aforesaid complex phenomena are involved in its analysis and thus there still remain uncertainties in predicting the thermal response of the ablator. Several efforts have focused on identifying thermal response of an ablator. Charring Materials Ablation (CMA) code and Fully Implicit Ablation and Thermal response (FIAT) program [4] simulated the internal heat conduction and the thermal decomposition in one dimension. More sophisticated simulation code named Two-dimensional Implicit Thermal response and Ablation (TITAN) [5] enabled two-dimensional simulation.
On the other hand, Ahn H. et al. developed a computational code named Super Charring Materials Ablation (SCMA) [6] . In SCMA code, the motion of the pyrolysis gas inside an ablator was simulated in one dimension by solving the mass and momentum equations for the gas phase. Suzuki T. et al. extended SCMA code for two dimensional simulation and named the code (SCMA2) [7] . Moreover, they coupled SCMA2 code with a CFD code using the Park's two-temperature model and chemical reactions with 21 species for a thermochemical nonequilibrium flow [8] .
In our research group, numerical and experimental studies have been conducted for determining the thermal response of a light-weight ablator exposed to a flow field generated by an arc-heated wind tunnel, which is often used for a heating test of an ablator [9] [10] [11] . Therefore, in the present study, the thermal response simulation code is extended so that it can treat the pyrolysis gas flow as unsteady phenomena in two-dimensional axisymmetric coordinate. Besides, the CFD code is also extended so as to include more chemical species, leading to more detailed evaluation of the ablation-gas injection consisting of the pyrolysis gas and the carbonaceous gas generated by the surface reactions. Furthermore, the code is developed for application to wider range of the flow conditions not only for a nitrogen flow but also for an air flow.
Computational Models
To simulate the process of heat shield using ablator, we have to treat many complex situations like the blowing flow of pyrolysis gas from ablator, chemical reaction on the surface recession of ablator, radiation heat conduction from strong shock heated gas, and interaction between blowout gas and free stream, etc. To understand such complex phenomena, the coupling simulation of outer flow-field and inside of ablator was employed. [12] .
Flow-Fields
The four temperature model is employed to handle in detail thermal non-equilibrium. These are translation, rotation, vibration and electron respectively. The electro excited temperature treats as equilibrium to electron temperature. The energy transfers between each of the internal energy modes are considered as follows: translationrotation [13] , translation-vibration [14] , translation-electron [15, 16] , rotation-vibration [13] , rotation-electron [17] and vibration-electron [18] . The energy losses for vibration and rotation due to the heavy particle-impact dissociation [16] and the electron energy loss due to the electron-impact dissociation/ionization reactions are considered. In addition, radiated heat transfer is not ignored, so the radiation field of high temperature gas is calculated coupled with flow field around capsule. For the calculation of radiation field, the present paper employed 3-band model [19] extended to chemical nonequilibrium flow field, which is very low cost method [20] .
The char layer at the ablator surface is lost due to the surface reactions and then the ablator surface recedes. The recession rate r is determined using the carbon mass loss rate:
The shape change should be accounted in the simulation because the magnitude and distribution of the heat flux are very sensitive to the surface shape [21] . Thus, in order to consider the shape change due to the surface recession, the computational domains for both the ablator and the flow field are reconstructed according to the surface recession. In this calculation, the grid system was rebuilt at the each 1 μm recession quantity.
Thermal Response of Ablator
In this simulation, the ablator is made of carbon foam material impregnated with phenolic resin. It is easy predicted that the flow of pyrolysis gas inside the lightweight ablator was different because it had much vacant spaces. The permeability of virgin layer of conventional ablator has quite little compare with the permeability of light-weight ablator's one. Therefore, it is considered the phenomena inside the ablator include the conversion from the solid to the gas phases (pyrolysis), the heat conduction in the solid and the gas phases and the gas phase flow with convective heat transfer. The governing equations inside ablator are shown as follows.
Solid mass conservation:
Solid energy conservation:
Gas mass conservation
Gas momentum conservation
Gas energy conservation
where subscripts s and g represent the solid and the gas phases, respectively. In Equation (2), R represents the pyrolysis rate. It shows as follow [22] :
In Equations (3) and (6), represent the effectiveness of reaction heat for gas phase and a   1 a  is for solid phases respectively. The third term in Equation (3) and fourth term in Equation (6) represents the energy exchange between the solid and the gas phases. The fourth term in Equation (3) and fifth term in Equation (6) are the energy loss and energy gain due to the pyrolysis, respectively. The last term in Equations (3) and (6) are the source terms due to the reaction heat of the pyrolysis. The pyrolysis gas made from C, H, O and calculated by chemical equilibrium code [23] .
The solid phase consists of char and resin and then the solid density is given by the sum of those densities:
Note that the char density char  is constant, while the resin density 
The specific heat is given in the form proposed by Potts [24] . This form is based on the characteristics that the specific heat of graphite.
where C  and 1 are determined by curve fitting based on JANAF's data sheet of graphite [25] .
c
The pressure of the gas phase is given by the equation of state:
The internal energy of the gas phase is given by
where .
q uu  The thermal conductivity is determined by a curve-fitting method with a manufacturing data sheet on carbon fiber material. Porosity is given by virgin min * sin
where min  represents the porosity in case that the resin before pyrolyzes.
The friction force per unit volume f is given by
where K is the permeability tensor. 
 is the direction along the capsule surface for lightweight ablator or the laminated direction for conventional ablator. 1 K is the permeability of  direction, and 2
K is the normal direction of  . 1 K and 2 K are measured by experiment in our laboratory.
Coupling and Conditions
The analysis of Flow field and thermal response of the ablator coupling is done through the boundary condition of these two fields. The boundary conditions change time after time. The reentry trajectory determined by JAXA [26] is treated in present study. The calculation condition shows in Table 1 . Time 0sec was altitude at 200 km. The calculation was done during 40 sec to 100 sec for ablator.
As the boundary condition of inflow, pseudo steady condition is used. Inflow boundary condition changed every 5 sec. The calculation conditions are shown in Table 1 .
Numerical domain is shown in Figure 1 . The computation mesh are 110 × 60 for flow field and 60 × 60 for ablator. xis in front of vehicle at 52.12 km in altitude and 70 sec center sh ows temperature profiles for each time al ressure distribution and mass flu a after reentry as a typical condition. We discuss about condition 52.12 km which the typical data of present simulation. The zero point of x-axis shows the initial position of capsule surface. A precursor is remarkably seen because gas becomes a very high temperature with the shock wave. The numerical domain of flow field is selected that the effect of precursor could not ignore. The translational temperature becomes about 40,000 K. It can be seen that it is the strong thermal nonequilibrium upstream than 5 mm of initial surface. The temperature of the plateau part behind shock wave exceeds 10,000 K and the four temperatures are almost equilibrium. Figure 3 shows temperatures distribution along ows the difference in the temperature profiles along the centerline without ablator or ablator. The zero point of x-axis shows the surface of capsule. To be easy to look, only translational temperature and vibrational temperature are shown here. There seems to be no difference between two conditions. However, the peak translational temperature and the temperature gradient of approach to the surface are different and this difference indicates ablating cooling. Figure 4 sh ong the center line using heavy ablator. The calculation started t = 40 sec cause of the heat flux is enough small to able to ignore. At t = 40 sec to 60 sec, it assumed that the heat flux and pressure interpolated by quadratic function. On the other hand, it assumed that the heat flux became 0 at t = 100 and calculation was stopped. The peak temperature of the surface is about 3100 K at 70 sec. This value has good agreement with measured value [26] when Hayabusa reentered. Figures 5 and 6 show p x vectors of pyrolysis gas for heavy ablator and lightweight ablator at 52.16 km, respectively. The permeability of conventional heavy ablator at virgin layer is quite large so that the pyrolysis gas could not penetrate to the direction of rear wall. So the pyrolysis gas must flow out to inside light-weight ablator flows not only front but also rear and radial direction. The pyrolysis gas in lightweight ablator is more transmissible than heavy weight ablator. Therefore, the pressure distribution of pyrolysisgas in light-weight type became broad. In addition, cause of the anisotropy of permeability (distribution of porosity) the flow to the radial direction is occurred strongly. Particularly, the flow of the shoulder part in the ablator is influenced strong by the expansion wave from the corner.
Result and Discussions
The shapes of ablator surface at 100 sec are shown in gure 7. The black line is the initial line, the green line and the red line show heavy ablator and light-weight ab- tor respectively. around stagnation region is imposed. Th more than about 1000 K. The total surface recession at la
The zooming up e quantity of the recession at stagnation point is large for high heat flux. However, extreme change of shape does not occur and it keeps similarity shape mainly. The recessions of surface at stagnation point at 100 sec of heavy ablator and light-weight ablator are 1.4 mm and 6.6 mm respectively. In addition, the surface temperature at 100 sec is between 1300 K and 1450 K. The surface recession does not occur dramatically in such temperature region. On the other hand, there is little the surface recession at side wall. The temperature of side wall is not stagnation point has predicted with 2 mm from 1 mm by Suzuki et al. [26] . The present study has good agreement to heavy ablator. Figure 8 shows the history of convective heat flux at stagnation point. The Solid lines show conventional heat flux and the black line shows non ablated wall condition for compared. The radiative equilibrium condition is used at the surface condition. Green and red lines are heavy and light-weight respectively. The dashed line shows net heat flux with surface chemical reaction that includes surface reactions (nitrization, oxization, sublimation). The effusion of pyrolysis gas works effectively to decrease heat flux. The dashed lines are higher than 30% of solid lines. We can see that the surface reaction play important role. In comparison with is not so much. On the other hand, radiative heat ncluding Remarks ulation around Haycoupled with model and it was clear that th it, the difference between heavy ablator and light-weight ablator flux (Figure 9 ) does not decrease using by ablating material. It rather increase slightly cause of radiation from ablating species. It can find a very slight difference between heavy ablator and light-weight ablator in radiative heat flux.
Temperature distribution along center axis at each time is shown in Figure 10 . The peak temperature is 3100 K for heavy ablator and 3200 K for light-weight ablator at 70 sec. The rear wall temperature does not rise until 80 sec. Though there is no heating, the rear wall temperature is increasing at 100 sec. On other hand, the rear wall temperature of heavy ablator keeps initial temperature. The light-weight ablator does not have enough thickness for this condition. However, it suggests that it can prevent heat by slightly increasing the thickness of the lightweight ablator. Present study calculated until 100 sec, because the heat flux became quite small estimated in ref. [26] .
Co
A trajectory-based flow field sim abusa capsule loaded light-weight ablator thermal response was carried out as a test case of near future mission. To validate this calculation, the conventional heavy ablator condition was carried out, too. The light-weight ablator in this calculation had been made and tested in our laboratory. In addition, the radiative heat flux had computed using 3-band model extended to nonequilibrium flow.
To calculate flow field around capsule, present simulation adopted four-temperature e flow field had strong thermal nonequilibrium behind shock wave and thermo-chemical equilibrium near the Copyright © 2013 SciRes. OJFD wall surface. The precursor phenomenon could see using four-temperature model. In thermal response for light-weight ablator, the state of the pyrolysis ga its movement play important roles to the flow inside of ablator. The pyrolysis gas heavy ablator flows towa ear boundary surface but the pyrolysis gas in light-weight ablator flows none onedimensionally. The pyrolysis gas flow transports energies to the direction of rear wall and it makes the apparent heat conduction higher.
The difference of stagnation he between heavy ablator and light-weight ablator is small. Especially radiated heat fluxes of these are almost the same. On the other hand, the ation heat flux taking account of surface reaction becomes 30% larger than convectional heat flux without surface reaction.
The surface recession of light-weight ablator is few time ity. This work was partially po transfer is slightly higher than heavy ablator. Therefore, this study shows light-weight ablator in this paper cannot use same configuration of heavy ablator and same thickness but it suggests that it can prevent heat by slightly increasing the thickness of the lightweight ablator.
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